Short baseline neutrino experiments, like LSND and MiniBooNE experiments, pointed towards the existence of eV mass scale sterile neutrinos. To reconcile sterile neutrinos with cosmology self interaction between sterile neutrinos has been studied. We analysed Planck cosmic microwave background (CMB) data with self-interacting sterile neutrino (SIν) and study their impact on inflation models. The fit to the CMB data in SIν model is as good as the fit to ΛCDM model. We find that the spectral index (ns) values shift to 0.9375 ± 0.0058 in SIν model. This has significant impact on the validity of different inflation models. For example the Starobinsky and quartic hilltop model, which were allowed within ΛCDM cosmology, are ruled out. On the other hand some models like natural and Coleman-Weinberg inflation are now favoured. Therefore, the existence of self interacting sterile neutrinos with eV order of mass will play an important role in the selection of correct inflation model. *
Introduction
Some short-baseline (SBL) experiments have reported anomalies in the neutrino events which cannot be explained within the framework of standard 3 active neutrinos oscillation. This was pointed out by the LSND experiment [1] , where an excess of electron like events was reported inν µ →ν e oscillations. Similar kind of excess has also been reported in both the neutrino and anti-neutrino channels by the MiniBoone experiment recently [2] [3] [4] . There are a few other experiments which have also reported similar anomalies [5] [6] [7] . To explain these anomalies in terms of neutrino oscillations, at least one additional neutrino species is required. This extra neutrino species must be sterile to be compatible with the constraint on number of light neutrinos coupled to Z boson [8] . These observations in SBL experiments have motivated many authors in recent years to study the 3+1 neutrino scenario [9] [10] [11] [12] [13] [14] [15] [16] [17] . However, there has been a long standing problem of accommodating light sterile neutrino in the cosmological context [18, 19] . The problem with light sterile neutrino is that their allowed mass and mixing angles from neutrino experiments will lead to their complete thermalization in the very early universe. Therefore they will contribute to radiation energy density which will result in conflict with the existing bounds on number of relativistic degrees of freedom obtained from Big Bang Nucleosynthesis (BBN) [20] and Cosmic Microwave Background (CMB) data [21, 22] . Also fully thermalized sterile neutrinos of mass O(eV) will lead to suppression in the structure formation resulting in a tension with allowed neutrino mass bounds obtained from cosmological observations [18, [22] [23] [24] [25] . Hence, in order to make light sterile neutrinos viable with cosmological observations, some new physics is required. Many solutions were proposed to accommodate the light sterile neutrinos in the cosmology [26] [27] [28] [29] [30] . Recently, it was proposed that by introducing self interaction in the sterile neutrino sector this problem can be resolved [31] [32] [33] . We will call this model as the SIν model. In this paper we study in detail the consequences of introducing secret interactions in sterile neutrino sector on the models of inflation.
It has been pointed out that neutrino self interaction with coupling ∼ 10 10 G F can prevent oscillations of sterile neutrinos into active ones till sub-MeV temperatures and restrict the contribution to N eff within the range allowed by observations [31] [32] [33] [34] . Also large self-interaction prevents the free-streaming of the sterile neutrinos till the time they become non-relativistic, thereby preventing them from erasing small scale structures [35, 36] .
Introduction of self interaction in the sterile neutrino sector leads to significant changes in the cosmological parameters allowed from CMB observations [34, 37] . In these papers a fit of both cosmological and neutrino parameters was done with the CMB observations. However, in the present paper we take the best values of mass and mixing angles for active neutrinos from the global fit of oscillation data [38] , and for sterile neutrinos from the MiniBooNE experiments [4] . Strength of self interaction ∼ 10 10 G F , which evades the bounds from BBN and LSS surveys, are kept fixed and seven standard cosmological parameters were varied to get the best fit for the CMB data. By following this procedure the most important change we find is the lowering of spectral index (n s ). The Planck CMB data had narrowed down the n s -r allowed region in the ΛCDM model, and had disfavoured many inflation models like natural inflation and Coleman-Weinberg inflation. However, some models like Starobinsky inflation was in very good agreement with the Planck data. The Starobinsky model predicts spectral index in a very narrow range and any shift in the prediction is not possible by changing the model parameters. In our analysis we will show later that self-interacting sterile neutrinos shift the spectral index in such a low value that Starobinsky inflation cannot be accommodated by the CMB data. However, we find that other inflation models like natural inflation and Coleman-Weinberg inflation are now favored after inclusion of self interaction in sterile neutrinos. The effect of self-interaction in the active neutrino sector on CMB was considered in ref [39] and its effect on constraining inflation models was discussed in ref [40] . However, in these studies the range of n s increases and allows a larger set of inflation models to fit in, which is quite contrary to our case.
The paper is organised as follows. In section 2 we have reviewed the self-interaction in the sterile neutrino sector and how it affects the thermalization of sterile neutrinos. In section 3 we discussed the cosmological perturbation equations in the SIν model. In section 4 we study the effect of self-interaction and mass of the sterile neutrino on CMB and also discuss the effect on cosmological parameters by including the perturbation equations with self interaction in the CLASS code and doing a MCMC by Montepython. In section 5 we discuss inflation models which are now favored or disfavoured by inclusion of self interaction of sterile neutrinos. We sum up our work and give our conclusions in section 6.
Self-interacting sterile neutrino in cosmology
It is well established from the results of neutrino oscillation experiments that neutrinos oscillate among flavor eigenstates, which is caused by non-zero neutrino mass and mixing [41] [42] [43] . However, some SBL experiments, like LSND and MiniBooNE experiments, have reported anomalies in the standard three active flavours neutrino model. In order to explain these observations by neutrino oscillation, we need ∆m 2 ∼ O(eV 2 ) and large mixing between the active and sterile neutrinos [9] [10] [11] [12] [13] [14] [15] [16] . Therefore these anomalies indicates the possibility of additional neutrino species which can not interact with standard model particles. In this work we will consider one extra sterile neutrino. As neutrinos now oscillate among 4 different flavours, the flavour eigenstates, denoted by Greek letters(α, β), are related to the mass eigenstates, denoted with Roman letters(i, j..) , as
where α = (e, µ, τ, s), i runs from 1 to 4 and U is the neutrino mixing matrix. However accommodating one light sterile neutrino in cosmology has been a long standing problem. If the mixing between active and sterile neutrinos is sufficiently large, they will come in thermal equlibrium with the active neutrinos via oscillation. Therefore, light sterile neutrinos will contribute to effective number of neutrino species N eff , which is very well constrained by measurement of primordial abundances produced in BBN [20] and with CMB data [21, 22] . In 3+1 neutrinos scenario with sterile neutrinos of mass O(eV) and non-zero mixing angle, effective number of neutrino species N eff is equal to 4 at MeV temperatures, which is in tension with the current constraint obtained from the BBN and CMB data . In addition to these constraints, Large Scale Structure (LSS) observations also put bound on neutrinos mass. This mass bound obtained from LSS observations is also in tension with the eV order sterile neutrinos [18, [22] [23] [24] [25] . Hence some new physics needs to be invoked in order to evade these constraints. Self interaction between sterile neutrinos has been proposed in order to alleviate this tension [31, 32] . There are two different types of self-interactions which are usually considered. One is pseudo-scalar mediated interaction [44] and another invokes a gauge interaction [31, 32] . The interaction term in the Lagrangian for the pseudo-scalar looks like
whereas, in the case of interaction by gauge-boson it takes the following form.
Here g Φ and g X are Yukawa coupling and gauge coupling respectively. On the energy scales smaller than the mediator mass, We can effectively write these two kind of interactions as four-Fermi interaction where the effective interaction strength between four neutrinos reduces to GΦ √ 2 =
. Initially the N eff is shared between the active neutrinos and strong self-interaction in the sterile sector prevents the sterile neutrinos to be thermalized with the active neutrinos by oscillation. Later on the sterile neutrinos gets thermalized but still its contribution to N eff is smaller than that of active neutrinos and the total N eff is ∼ 3. The self interaction between the sterile neutrinos induces scattering among them in the early universe and this scattering rate is given as
where n νs and T νs are the number density and temperature of the sterile neutrinos. Massive neutrinos affect the background as well as cosmological perturbation evolutions. As neutrinos interact very weakly, they free stream within cosmological plasma. If neutrinos free-stream till the time they become non-relativistic, they will give rise to a suppression in the growth of perturbations on smaller scales. On the other hand if there is a large self interaction within sterile neutrino sector, it can delay the free-stream regime till the epoch self interaction rate becomes smaller than the Hubble rate. Therefore, if G X is sufficiently large, the free-stream regime can be delayed till the time neutrinos turn non-relativistic. In that case, sterile neutrinos always scatter via self interaction and they will never have a free-stream regime [35, 36] . We can calculate the smallest G X for which this happens by equating the Hubble rate (H) with the interaction rate
Solving this for the Hubble rate in eV range and neutrino temperature, we get the G X ∼ 10 10 G F . Therefore, if coupling G X is large or equal to 10 10 G F , mass bound obtained from LSS is not applicable in that case (for detailed discussion see ref. [35, 36] ). Hence, we take G X = 10 10 G F in order to evade the mass bound from the LSS observations. In order to study quantitatively the effect of self interaction in sterile sector we will calculate the time evolution of density matrix (ρ) for all the neutrino flavors. The density matrix in the two bases, mass and flavour, are connected as
We therefore solve the quantum kinetic equations (QKEs) of the 3+1 neutrino ensemble as described in Ref. [45] . QKEs are given as
where C[ ] is the collision term and
The first term represents the oscillation between the flavor states and the mass states.
is the neutrino mixing matrix and M is the mass matrix whose components are determined from the oscillation experiments. Here R ij is the rotation matrix corresponding to angle θ ij in the ij plane. Here in this work we have used M 2 = diag(0, ∆m 2 21 , ∆m 2 31 , m 2 st ). We have used the latest result for the standard three active neutrino oscillation parmeters obtained from global analysis of neutrino data [38] . We have chosen the best fit values for ∆m 2 21 = 7.39 × 10 −5 eV 2 , ∆m 2 31 = 2.523 × 10 −5 eV 2 , θ 12 = 33.82 • , θ 31 = 8.61 • and θ 23 = 48.3 • [38] . Whereas mass of the sterile neutrino m st = 0.2eV and mixing angle sin 2 θ 14 = 0.95, which are the best fit value obtained from MiniBooNE experiments [4] . The second term in eq. (8) represents the electro-week interaction between the neutrinos and the electrons that are present in the baryonic fluid after big bang nucleosynthesis(BBN). In this term E l , E ν and E s are the energy density for electrons, active and sterile neutrinos. Here M W and M Z are the masses of W and Z bosons respectively. The third in eq. (8) purely corresponds to the self interaction between the sterile neutrinos.
QKEs as given in eq. (7) are very computationally demanding since density matrix has momentum dependence. In order to reduce the computation time and also to retain the important features of the time evolution, we have worked in the average momentum approximation as described in [45] . Under this approximation, we assume
where f FD is the Fermi-Dirac distribution function, x = ma and y = pa. We have also introduced new variables for convenience as
where we have chosen the mass scale m = 1MeV. We put eq. (9) and eq. (8) in eq. (7) and made the change of variables as given in eq. (10) to get
where where G s = diag(1, 1, 1, 0), G sX = diag(0, 0, 0, 1). Also here H is the normalized Hubble parameter given as
In this expression M Pl andε ≡ ε(x/m) 4 are the Planck mass and the Co-moving total energy respectively, where ε = ε e + Tr( E ν + E s ) is the total energy density. Now the collision term C[ ] under average momentum approximation is given as [45, 46] 
where S and A are the active neutrino scattering and annihilation matrix which are given as S = diag(g e s , g µ s , g τ s , 0) and A = diag(g e a , g µ a , g τ a , 0). Here (g e s ) 2 = 3.06, (g e a ) 2 = 0.50, (g µ,τ s ) 2 = 2.22, and (g µ,τ a ) 2 = 0.28 [46] . And for sterile neutrinos S X = diag(0, 0, 0, 1). Next, we calculate the value of N eff which is just the trace of the density matrix and is given as
Then we solve the QKEs for the 3 + 1 neutrino scenario with self interaction in the sterile neutrino sector. We have plotted number density ρ αα against temperature in fig. 1 . It is clear from the fig. 1 that strong self interaction within sterile neutrinos, G X = 10 10 G F , can prevent the mixing between active and sterile neutrinos till sub MeV scales. Moreover, after sterile neutrinos come into equilibrium with active neutrinos, all four neutrinos do not contribute equally to the N eff . They redistribute themselves such that N eff always remains close to 3 because of the self interaction, which is in the allowed range obtained from the BBN and CMB data. Therefore, self interaction successfully evades all cosmological constraints.
Perturbation equations
In this section we briefly describe the perturbation theory in the presence of self interacting sterile neutrinos. Perturbation equations for neutrinos are solved in mass eigenstates. Therefore the density matrix in mass eigen basis represents the distribution function for the the neutrinos. So, we write
Naturally this distribution function is not normalized to one. However, for the purpose of calculating perturbed Boltzmann equation, normalization of the distribution function is not necessary. α |U αi | 2 ρ αα has to be evaluated from the QKE and it depends on time. We perturb this distribution function as, [47] f
where f 0 is the zeroth order Fermi-Dirac distribution function. Here x i denotes the spatial coordinates, τ is the conformal time and q is the amplitude of momentum divided by the energy (see ref [47] ). n i are the directions of the momentum vectors. The phase space distribution evolves according to the Boltzmann equation
Since α |U αi | 2 ρ αα has time dependence, ∂fi ∂τ will introduce a time derivative of α |U αi | 2 ρ αα in the Boltzmann equation. From fig. (1) we see that the changes in ρ αα occurs at a temperature above 10 −2 MeV. However, the Boltzmann codes like CAMB or CLASS starts solving the perturbation equations from much lower energy scales. Therefore, the α |U αi | 2 ρ αα remains constant and time derivative does not appear in the Boltzmann hierarchy equation.
The term on the right hand side of eq. (20) is the collision term. This term is zero in the standard three neutrino case. In relaxation time approximation for the self interacting neutrinos this term is written as [48] 
Here, the value of ρ ss is taken from the solution of QKEs eq. (11). Using this collision term we can rewrite the Boltzmann equation as [47] ∂Ψ
where Γ ij = U diag(0, 0, 0, 1)U † . We expand Ψ in a Legendre series as
Using this series expansion we write the Boltzmann equation as a hierarchy of multipoles.
Following ref [37] we have kept the collision term zero in the = 0 and = 1 equations for conserving particle number and momentum. We have modified the Boltzmann code CLASS [49] [50] [51] with the above mentioned equations. Similarly, as we have introduced scalar perturbations in eq. (19) we can introduce tenor perturbations in the distribution function.
where e ij is a traceless-transverse tensor and ∆ T is the neutrino tensor transfer function. Using the similar procedure like scalar perturbation we can come up with a similar set of equations for ∆ T like eq. (23). These equations can be found in ref [52] . We have changed those equations in CLASS and could not find any visible effect on BB mode spectrum of CMB. 
Effect on CMB
We would compare two models here in this paper. The first model is ΛCDM with three massive neutrinos which has masses corresponding to normal hierarchy and lowest neutrino mass to be 10 −5 eV. Such a small mass for the lowest massive neutrino makes it effectively massless. Here all the three neutrinos have degeneracy equal to one. We will call this model ΛCDM only in the rest of the paper. The second model has four massive neutrinos but they have different degeneracy factors and self interaction in sterile sector as described in earlier sections. Mass of the fourth massive neutrino is considered to be 0.2 eV which is the bestfit value of MiniBoone [4] . We will refer to this model as SIν model.
Self interacting sterile neutrinos affect CMB in three different ways. First, the mass of the sterile neutrino effects the CMB similarly the way massive neutrinos effect. It shifts the peaks of the CMB towards the lower values of and decreases the height of the peaks too.
The second factor which comes into the play is the degeneracy of the mass eigenstates. The degeneracy of these mass eigenstates can be written as
For the parameters U αi mentioned above and the values of ρ αα plotted in fig. (1) the degeneracy of the corresponding mass eigenstates are given in table 1. In fig. (2) we have plotted CMB temperature (T T ) power spectra for ΛCDM model and then that with the values of neutrino masses and degeneracy factors of table 1. The peaks of CMB shifts towards the lower values of in G x = 0 case, but the effect of a 0.2 eV massive neutrino becomes milder due to its degeneracy factor of 0.64.
Mass in eV 0.00001 0.009 0.05 0.2 Degeneracy 0.69 0.84 0.90 0.56 Third effect comes from the self interaction in sterile neutrinos. This effect is also similar to the effect of interactions in active neutrino sector studied in literature [39] . Self-interaction helps to grow the perturbations on small scales and therefore the peaks of the CMB grows up due to that. These effects are separately plotted in fig. (2) . With the same mass and degeneracy of table 1 G x = 0 and G x = 10 1 0G F case were plotted to demonstrate the effect of self interaction.
Next, we analyse the effect of self interacting sterile neutrinos on cosmological parameters in the light of Planck observations [21] . We used the temperature anisotropy power spectrum (T T ) over the multipole range ∼ 2 − 2500. For doing the Markov Chain Monte Carlo (MCMC) analysis of the parameter space we have used Montepython [53] . Sterile neutrino parameters were kept fixed at G Table 2 : The best fit values with 1-σ error for all the parameters obtained from the MCMC analyses for both the models considered are listed here.
We have found that both these models have equivalent statistical significance of fitting Planck CMB data. In fig. (3) the posterior distribution of spectral index has been shown. We see that both the posteriors have same width. Moreover, from table 2 we can find out that the one sigma error for n s is even smaller for the SIν model. However, there is a increase of 2.3 in the maximum value of − log(likelihood) in the case of SIν model compared to ΛCDM. Figures 4 shows the 1-σ and 2-σ contours for n s -r planes. The 1-σ maximum value of r drops down from 0.0473 to 0.0384 for introducing self-interaction in sterile neutrino. In last section we have pointed out that self-interaction among sterile neutrinos have negligible effect on BB mode of CMB. However, tensor-to-scalar ratio r is the ratio of the amplitude of tensor perturbations to that of scalar perturbations. In table 2 we can see that self interaction among sterile neutrinos reduces the best fit value of amplitude of scalar perturbation(A s ). Therefore, accordingly the maximum allowed value of r drops down slightly.
Inflation models
In this section we will consider four inflation models. More models can be studied in this context. However, we find that for these four models our shifts in cosmological parameters make significant implications. The four models are Starobinsky inflation, natural inflation, quartic hilltop inflation and Coleman-Weinberg inflation.
Before going to the details of the models, we briefly review the relations of spectral index and tensor-to-scalar ratio with the inflaton potential. If the potential of inflation field φ is denoted by V (φ) then the first order slow roll parameters are written in terms of inflaton potential as
Number of e-foldings from the horizon exit of the pivot scale to the end of inflation is
where φ * is the value of the background inflaton field when pivot scale made the horizon exit, and φ end is at the end of inflation. Therefore, φ * is a function of N . The value of scalar spectral index is calculated at the φ * and it is
Similarly tensor-to-scalar ratio is given by
Amplitude of density perturbation is
With these tools in hand we can calculate the spectral index and tensor-to-scalar ratio from any given inflation potential.
Starobinsky inflation
The action for the Starobinsky model is written in Jordan frame as
where M is a mass scale and R is the Ricci scalar. Upon conformal transformation to Einstein frame this action reduces to
where,
and
Inflation ends in this model for = 1. From that value of φ end we follow the procedure described at the beginning of this section and we come up with a value of n s to be 0.961585 and 0.967833 for 50 and 60 e-foldings respectively. φ * is 5.24M Pl and 5.45M Pl respectively. η remains negative at these values of φ * and becomes very small, so we get r to be 0.004 and 0.003 for N = 50 and 60. This model of inflation has been the most popular model since the release of Planck 2013 data where tensor-to-scalar ratio was reported to be low enough to accommodate any convex potential. Starobinsky model does not only predict low tensor-to-scalar ratio but also predicts the value of spectral index which fits exactly within 1-σ level in n s -r plot for ΛCDM cosmology(see fig. (4) ). However, the for the case of self-interacting sterile neutrino the prediction of this model lies well outside the 2-σ range of constrained n s -r values. Since the n s prediction of this model does not depend on any parameter, this theory cannot be adjusted to fit into the modified of self interacting sterile neutrino.
The success of Starobinsky inflation prompted many authors to non-minimally couple a scalar field with the Ricci scalar(R). The most popular one is HIggs inflation [54] where the scalar field is considered to be standard model higgs itself. The action in the Jordan frame has the following form
After conformal transformation to the Einstein frame the potential exactly takes the form of eq. (33). Therefore the prediction of this model and Starobinsky model in n s -r plane is absolutely same. So, according to the shifts in n s in SIν case, this model will also be ruled out.
Natural inflation
Pseudo-Nambu-Goldstone boson were considered to be a suitable candidate to drive inflation unless the advent of Planck data. This model has a free parameter f which can be adjusted to shift the values of n s and r. Although the predicted spectral index missed the 1-σ contour in n s -r plane for ΛCDM cosmology. In our case of self-interacting sterile neutrino the model revives again and the predictions for this model comes well within the 1-σ contour in n s -r.
The potential of the model is given by [55] V
Λ determines the scale of the inflation and amplitude of density perturbations. n s and r are independent of Λ but depends on f . The predicted region of n s and r falls within the allowed 1-σ range for self-interacting sterile neutrino and the allowed range for f in that case is 3.8M Pl to 4.7M Pl
Quartic hilltop inflation
Quartic hilltop represents a set of all models whose potential can be represented as [56] 
Naturally the potential written above is incomplete and unbounded from below. Therefore any complete model will consist of other extra terms in potential. For these kind of models which slowroll parameter will reach the value of one first depends on the other terms of the potential which are not included here. Therefore value of φ end at the end of inflation varies from model to model. However, for the purpose of a generic discussion we compute the value of φ end with the above mentioned potential only. Similarly like the natural inflation model the amplitude of density perturbation depends on Λ. Spectral index and tensor-to-scalar ratio is just the function of v. We vary the value of v from 0.01 to 100 M Pl to get the values of n s and r shown in fig. (4) . For smaller values of v, r also becomes smaller. For self-interacting sterile neutrino v is preferred to be less than 1 M Pl and 7 M Pl for e-foldings 60 and 50 respectively.
Coleman-Weinberg inflation
Potential of the model is given by [57] 
This model of inflation is the Coleman-Weinberg correction to the φ 4 potential. The model has two parameters A and f . Although the model works for almost all the values of f , since it is the renormalization scale it cannot be above Planck mass. Moreover, the region of horizon exit in the potential corresponds to φ * f region for any value of f . For N = 50 and 60 the n s turns out to be 0.94 and 0.95 respectively. The maximum possible value of r for these values of N is 0.015 and 0.01. These values of r can go down to much smaller values depending on the value of f .
Discussion and Conclusion
Constraining inflation models on the basis of spectral index and tensor-to-scalar ratio obtained from the CMB data had been the forefront area of research in cosmology and high energy physics for last decades. Inflation models are constrained from CMB observations which place limits on inflation parameters like amplitude of primordial power spectra, tilt of the scalar power spectra and tensor to scalar ratio. In these analyses the base model is normally the ΛCDM cosmology. Although there are many tensions like σ 8 [58] [59] [60] or H 0 tension [61] among different cosmological measurements under ΛCDM framework still it is undeniable that ΛCDM is the best model available so far to fit the CMB data. The need to accommodate sterile neutrinos, motivated by SBL neutrino oscillation experiments, requires one to introduce large self interaction in the sterile neutrino sector. We studied the change in cosmological parameters in this scenario. We find that the best fit values of n s = 0.9671 ± 0.0062 in ΛCDM model changes to n s = 0.9375 ± 0.0058 in SIν model. This happens because self-interaction in sterile neutrino shifts the CMB peaks in upward. Although there are many theoretical models which, when examined with CMB data, suggests different values of spectral index and tensor-to-scalar ratio, but most of them either use extra cosmological parameters or they decrease the value of likelihood. Interestingly SIν model, with the neutrino parameters fixed from MiniBooNE, achieves the similar likelihood values as the ΛCDM model with no other extra free cosmological parameter.
The change in inflation parameters make significant impact on the validity of different cosmological models. In this paper we mainly focused on concave potentials since self-interacting sterile neutrino did not enhance the tensor-to-scalar ratio. We found that the Starobinsky model which is the best fit model in ΛCDM cosmology is ruled out in the SIν cosmology. The similar models which use non-minimal coupling of scalar field to gravity sector for achieving inflation is ruled out too. In addition the quartic hilltop is also disfavored in the SIν model which was allowed at 1-σ level in ΛCDM model. On the other hand some models like natural and Coleman-Weinberg inflation, which were ruled out in the ΛCDM cosmology are now favored. In conclusion if future SBL neutrino oscillation experiments confirms the existence of eV scale sterile neutrino then it will have significant impact on the choice of viable inflation models. was specified to be 0.04. In case of SIν we can see there is a tail of τ reio beyond that value too. Since in this paper we are not concerned about the effect on τ reio we did not elongate the prior range any more. fig. (5) we can see that two parameters gets affected significantly and these two parameters are spectral index n s and acoustic scale θ s . Since H 0 is the derived parameter from θ s the value of H 0 also decreases making the H 0 tension even more severe. The amplitude matter power spectrum smoothed over 8h −1 Mpc scale, known as σ 8 , also reduces because of the effect of massive neutrino on matter power spectrum [62] .
We can see from these posterior plots in fig. (5) that the posteriors has almost same σ for both the models. This makes the two models equivalent in fitting the Planck CMB data.
